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ABSTRACT

Microbes colonize anatomical sites in health to form commensal microbial communities (e.g., commensal gut microbiota, commensal
skin microbiota, commensal oral microbiota). Commensal microbiota has indirect effects on host growth and maturation through
interactions with the host immune system. The commensal microbiota was recently introduced as a novel regulator of skeletal
growth and morphology at noncraniofacial sites. Further, we and others have shown that commensal gut microbes, such as seg-
mented filamentous bacteria (SFB), contribute to noncraniofacial skeletal growth and maturation. However, commensal microbiota
effects on craniofacial skeletal growth and morphology are unclear. To determine the commensal microbiota’s role in craniofacial
skeletal growth and morphology, we performed craniometric and bone mineral density analyses on skulls from 9-week-old female
C57BL/6T germ-free (GF) mice (no microbes), excluded-flora (EF) specific-pathogen-free mice (commensal microbiota), and
murine-pathogen-free (MPF) specific-pathogen-free mice (commensal microbiota with SFB). Investigations comparing EF and GF
mice revealed that commensal microbiota impacted the size and shape of the craniofacial skeleton. EF versus GF mice exhibited
an elongated gross skull length. Cranial bone length analyses normalized to skull length showed that EF versus GF mice had
enhanced frontal bone length and reduced cranial base length. The shortened cranial base in EF mice was attributed to decreased
presphenoid, basisphenoid, and basioccipital bone lengths. Investigations comparing MPF mice and EF mice demonstrated that
commensal gut microbes played a role in craniofacial skeletal morphology. Cranial bone length analyses normalized to skull length
showed that MPF versus EF mice had reduced frontal bone length and increased cranial base length. The elongated cranial base in
MPF mice was due to enhanced presphenoid bone length. This work, which introduces the commensal microbiota as a contributor to
craniofacial skeletal growth, underscores that noninvasive interventions in the gut microbiome could potentially be employed to
modify craniofacial skeletal morphology. © 2023 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American
Society for Bone and Mineral Research.
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Introduction

onpathogenic microbes colonize host anatomic barrier
N sites to form commensal microbiota communities
(e.g., commensal gut microbiota, commensal skin microbiota,
commensal oral microbiota)."* Commensal microbiota interac-
tions with the host direct the development of immunity, which
has indirect effects on host growth and maturation.*® The

commensal microbiota was recently introduced as a critical reg-
ulator of skeletal growth and morphology at noncraniofacial
sites.”" Moreover, our group and others have shown that com-
mensal gut microbes, such as segmented filamentous bacteria
(SFB), contribute to noncraniofacial skeletal growth and
maturation.>4

The craniofacial skeleton is a unique skeletal complex that
derives from the neural crest and mesoderm and develops
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through both intramembranous and endochondral ossifica-
tion.l"*'® The craniofacial skeleton houses the brain and sensory
organs for vision, hearing, taste, and smell, supports mastication
and speaking, and impacts appearance and psychosocial well-
being. Therefore, mechanisms regulating craniofacial growth
and morphology are important."”'® Murine models have been
extensively used to study normal craniofacial development!'®-2"
Tand craniofacial malformations caused by genetics, teratogens,
and environmental factors.*>~>* However, the role of commen-
sal microbiota in physiologic craniofacial skeletal growth and
morphology is unknown.

To define the role of commensal microbiota in normal cranio-
facial skeletal growth and morphology, we performed studies
comparing germ-free (GF) mice, excluded-flora (EF) mice, and
murine-pathogen-free (MPF) mice. GF mice, which are devoid
of all microbes, are reared in sterile isolators. Specific-patho-
gen-free mice, which are colonized by commensal microbiota,
are reared in ventilated isolators within barrier facilities that val-
idate specific microbes are not present. Taconic Biosciences ani-
mal health barrier facilities provided the opportunity to acquire
specific-pathogen-free mice that differed by the known coloni-
zation status of SFB. EF mice are specific-pathogen-free mice that
are devoid of SFB, and MPF mice are specific-pathogen-free mice
that harbor SFB. SFB are commensal gut bacteria that colonize
the ileum following weaning.”>"! SFB colonization critically
influences commensal microbiota actions on host immunity
and development.'>'4273% Therefore, comparing specific-
pathogen-free mice that differ by SFB colonization status pro-
vides insights about the role of commensal gut microbes in com-
mensal microbiota effects on normal growth and morphology.

Cephalometric and craniometric measurements are used in
the surgical and dentofacial orthopedic treatment of craniofacial
malformations and achieve a more harmonious dentofacial com-
plex.2'3?! Craniometry is utilized in preclinical murine model
research to advance knowledge about abnormal and healthy
craniofacial skeletal growth and development."®->* Herein, we
performed craniometric and bone mineral density (BMD) ana-
lyses in skulls from 9-week-old female C57BL/6T GF mice (no
microbes), EF mice (commensal microbiota), and MPF mice
(commensal microbiota with SFB). Comparing GF mice to EF
mice help define the role of commensal microbiota in normal
craniofacial skeletal growth and morphology. Comparing EF
mice to MPF mice made it possible to discern commensal gut
microbe contributions to physiologic craniofacial skeletal growth
and morphology.

Materials and Methods

Mice

C57BL/6T GF mice were obtained from Taconic Biosciences
(Rensselaer, NY, USA) and were bred and maintained in sterile
isolators at the Medical University of South Carolina (MUSC;
Charleston, SC, USA) Gnotobiotic Animal Core. GF mice were
fed autoclaved LabDiet 5010 (LabDiet, St. Louis, MO, USA).
Nine-week-old EF mice and MPF mice were obtained from Taco-
nic Biosciences (Rensselaer, NY, USA), where they were bred and
maintained in their respective barrier facilities. EF and MPF mice
were fed autoclaved NIH-31M diet (Envigo, Indianapolis, IN, USA).
Upon arrival at MUSC, the EF and MPF mice were housed in a
specific-pathogen-free vivarium and sacrificed within 48 h. All
animals were euthanized at 9.0-9.5 weeks of age. Animals were
group-housed four to five per cage. Room temperature and

humidity were maintained within the ranges recommended by
the Guide for the Care and Use of Laboratory Animals.>3' Room
light:dark cycle was maintained on a 12-h on:off schedule. Ani-
mal experimentation was approved by the MUSC Institutional
Animal Care and Use Committee and carried out in accordance
with approved guidelines.

Quantitative real-time PCR (qRT-PCR) 16S rDNA analyses

Following euthanasia, ileum contents were collected for bacte-
rial 16S rDNA analysis. Genomic DNA was isolated using Qiagen
DNeasy Powersoil Pro Kit (Qiagen, Hilden, Germany), per the
manufacturer’s instructions. Total DNA was quantified using
the Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA,
USA). 16S rDNA was amplified on the StepOnePlus System
(Applied Biosystems, Foster City, CA, USA) via a qRT-PCR reaction
protocol using 2x Fast SYBR Green Master Mix (Applied Biosys-
tems) forward/reverse primers (Integrated DNA Technology, Cor-
alville, IA, USA) and DNA template, as described previously.>*-3¢
A 30-cycle qRT-PCR protocol was utilized; cycle number 25 was
the cutoff for nonspecific amplification of the Universal 16S
gene.l'**" Bacterial load analysis was conducted in which bacte-
rial load was evaluated by normalizing the Universal 16S gene to
a bacterial DNA standard (ZymoBIOMICS; Zymo Research, Irvine,
CA, USA), as described previously.!'* 3¢ 38 Relative quantification
of Universal 165 rDNA was carried out by the 272" method.>!
In the bacterial phyla analysis, phylum-level outcomes are
reported relative to the Universal 16S gene, as described previ-
ously.?® 38 Relative quantification of phylum-level rDNA was
performed by the 272" method.*” In SFB analysis, SFB pres-
ence was evaluated by normalizing the SFB rDNA gene to a bac-
terial DNA standard (ZymoBIOMICS; Zymo Research), as
described previously.!'* " Relative quantification of SFB rDNA
was performed by the 272" method.®? Integrated DNA Tech-
nologies forward (F)/reverse (R) primer sequences included the
following:

Universal 16554 F = 5'-AAACTCAAAKGAATTGACGG-3; R = 5'-
CTCACRRCACGAGCTGAC-3,

Pseudomonadota®*: F = 5-TCGTCAGCTCGTGTYGTGA-3; R=5-
CGTAAGGGCCATGATG-3,

Actinomycetota*: F = 5-TACGGCCGCAAGGCTA-3’; R = 5'-TC
RTCCCCACCTTCCTCCG-3/,

Bacteroidota®*: F = 5'-CRAACAGGATTAGATACCCT-3; R = 5-GG
TAAGGTTCCTCGCGTAT-3,

Bacillota®*: F = 5'-TGAAACTYAAAGGAATTGACG-3'; R = 5'-ACC
ATGCACCACCTGTC-3/,

SFBU'> 41 F = 5/-GACGCTGAGGCATGAGAGCAT-3'; R = 5'-GAC
GGCACGGATTGTTATTCA-3'.

gRT-PCR mRNA analyses

lleum specimens were flash-frozen, pulverized, and homoge-
nized in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). RNA
extraction was performed via the TRIzol method, as reported pre-
viously.!"> *" Total RNA was quantified via the NanoDrop 1000
(Thermo Fisher Scientific). cDNA was synthesized from RNA
using Tagman Random Hexamers and Reverse Transcription
Reagents (Applied Biosystems), following the manufacturer’s
protocol.””® *" mRNA was amplified on the StepOnePlus System
(Applied Biosystems) via a qRT-PCR reaction protocol using Taqg-
Man Fast Advanced Master Mix and primer probes (Applied Bio-
systems), as described previously."> *' Relative quantification of
mRNA was performed by the 27247 method™®; Gapdh was
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used as an internal control gene. The TagMan primer-probe
assays used included Gapdh = Mm99999915_g1; Il17a =
MmO00439618_m1.

Tibia microradiography imaging/length analysis

Following euthanasia, tibiae were isolated and fixed in 10%
phosphate-buffered formalin for 24 h at room temperature;
specimens were stored in 70% ethanol at 4°C. Ex vivo microra-
diographs of tibiae were acquired with a Faxitron LX-60
(Faxtiron X-ray, Lincolnshire, IL, USA), using the following acqui-
sition  parameters: beam energy =36 kVp, exposure
time = 40 s. Tibia length measurements were performed via cal-
ibrated microradiograph images, measuring from the intercon-
dylar eminence to the lateral malleolus.

Skull micro—-CT imaging

Following euthanasia, skulls were isolated and fixed in 10%
phosphate-buffered formalin for 24 h at room temperature;
specimens were stored in 70% ethanol at 4°C. Mandibles were
dissected and skull specimens were scanned with a Scanco Med-
ical micro-CT (pCT) 40 scanner (Scanco Medical; Brittisellen,
Switzerland), using the following acquisition parameters: X-ray
tube potential = 70 kVp, X-ray intensity = 55 pA, integration
time = 200 ms, and isotropic voxel size = 18 ym>. Calibrated
three-dimensional (3D) images of skulls were reconstructed for
craniometric measurements and BMD analyses.

pCT craniometric analyses

Skull craniometric measurements were performed using Analyze
14.0 Bone Microarchitecture Analysis software (Analyze Direct,
Seattle, WA, USA). Linear measurements were carried out on
reoriented 3D pCT reconstructions, with a fixed threshold of
2500 Hounsfield units (HU). For frontal and parietal bones, linear
measurements were taken bilaterally and averaged. Linear mea-
surements were performed three separate times for each out-
come of interest, and the arithmetic mean of these
measurements is reported for each biological replicate. Skull
length (nasale to paro) is reported as a direct measurement. All
other linear measurements were normalized to skull length
(nasale to paro) to account for skull size differences, as reported
previously.>™% Landmarks for craniometric analyses are
depicted via schematics: skull length, skull width, and skull
height (Fig. S1); skull length, nasal bone length, cranial vault
bone lengths, and cranial base bone lengths (Fig. S1). Studies
were performed and are reported in accordance with guidelines
for assessment of bone microstructure in rodents using pCT."°!

pCT bone mineral density analyses

Skull BMD measurements were acquired using Analyze 14.0
Bone Microarchitecture Analysis software (Analyze Direct). BMD
analyses were carried out using reoriented 3D pCT reconstruc-
tions. A fixed threshold of 2000 HU was used to discern mineral-
ized tissue. BMD analysis was performed in the following
volumes of interest, adapted from methods described previ-
ously®" 46 47); Basioccipital bone analysis: 900 pm* volume of
interest (VOI) positioned 180 pm posterior to the junction of
the basisphenoid and basioccipital bones, the spheno-occipital
synchondrosis (SOS). The VOI was centered mediolaterally across
the median sagittal plane. Basisphenoid bone analysis: 900 pm?
VOI positioned 360 pm anterior to the SOS and 360 pm superior

from the inferior extent of the pterygoid bone/process at the
intersection of the SOS. Presphenoid bone analysis: 900 pm? VOI
positioned 270 pm anterior to the junction of the basisphenoid
and presphenoid bones, the intersphenoid synchondrosis (ISS).
The VOI was oriented in the superior-inferior and mediolateral
directions centered on the presphenoid bone. Frontal bone anal-
ysis: 1440 pm?> VOI was analyzed at the left frontal bone. The VOI
was positioned 720 pm lateral to the sagittal suture and 1440 um
anterior to the coronal suture. Parietal bone analysis: 1440 pm?
VOI was analyzed at the left parietal bone. The VOI was posi-
tioned 1440 pm lateral to the sagittal suture and centered
between the lambdoid and coronal sutures in the anterior-
posterior plane. Interparietal bone analysis: 900 pm® VOI posi-
tioned 900 um anterior to the junction of the interparietal and
occipital bones. The VOI was centered mediolaterally across the
median sagittal plane. Landmarks and VOIs for BMD analysis
are depicted via schematics: cranial vault bones (Fig. S2A) and
cranial base bones (Fig. S2E). Studies were performed and are
reported in accordance with guidelines for assessment of bone
microstructure in rodents using pCT.*!

Statistical analysis

Statistical analysis was carried out using GraphPad Prism version
9.0 (GraphPad, La Jolla, CA, USA). Unpaired two-tailed t-test
(p < 0.05) was performed comparing 16S rDNA analysis out-
comes in EF versus MPF mice. One-way ANOVA (a = 0.05) with
Tukey post hoc test (p < 0.05) was carried out comparing out-
comes in GF, EF, and MPF mice for all other studies. When
unpaired t test was used, F test was performed to validate the
data come from populations that are Gaussian and have equal
variances. When one-way ANOVA was utilized, a Brown-Forsythe
test and Levene test were carried out to validate the data come
from populations that are Gaussian and have equal variances.
The Shapiro-Wilk test (@ = 0.05) was applied to all data sets to
determine whether the data came from normally distributed
populations. In the case that the Shapiro-Wilk test did not vali-
date that a data set was normally distributed, the ROUT outlier
test (Q = 0.1%) was performed to remove definitive outliers.
Data are plotted as box and whisker plots that display all data
points, the interquartile range (height of the box), median (inter-
nal horizontal bar), arithmetic mean (“plus” sign), and maximum
and minimum values (external upper and lower bars). Power
analysis was performed based on the authors’ prior experience
investigating skeletal morphology in mice and was carried
out in consultation with the MUSC Bioinformatics Core
Biostatistical Unit.

Results

Commensal microbiota does not alter somatic growth in
9-week-old female C57BL/6T mice

We compared 9-week-old female C57BL/6T GF mice (no
microbes) and EF mice (commensal microbiota) to determine
the role of commensal microbiota in craniofacial skeletal growth
and morphology (Fig. 1A). We compared 9-week-old female
C57BL/6T EF mice (commensal microbiota) and MPF mice (com-
mensal microbiota with SFB) to delineate whether commensal
gut microbes contributed to commensal microbiota effects on
craniofacial skeletal growth and morphology (Fig. 1A).

16S rDNA analyses were performed with ileum contents to
validate the murine gut microbiome phenotype (Fig. 1B-D).
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Fig. 1. Commensal microbiota do not alter somatic growth in 9-week-old female C57BL/6T mice. (A) Female C57BL/6T GF mice (no microbes), EF mice
(commensal microbiota), and MPF mice (commensal microbiota with SFB) were euthanized at age 9 weeks; specimens were isolated for analyses. (A)
Schematic of study design. (B-D) qRT-PCR 16S rDNA analysis of ileum contents (n = 5/group) evaluating (B) bacterial load, (C) phyla, and (D) SFB presence.
(B) Bacterial load determined by normalizing the Universal 16S gene to a bacterial DNA standard; quantification via the 22T method. (O) Phylum out-
comes determined by normalizing phylum 165 genes to the Universal 165 gene; quantification by the 27T method. (D) SFB presence determined
by normalizing the SFB 165 gene to a bacterial DNA standard; quantification via the 272" method. (E) qRT-PCR mRNA analysis of //77a in ileum
(n = 5/groupy); relative quantification of mRNA was performed via the 2724 method. (F) Body weight analysis (n = 5/group). (G) Tibia length analysis
(n = 4-5/group). (B-D) Unpaired two-tailed t-test (p value <0.05) was performed comparing 16S rDNA analysis outcomes in EF versus MPF mice. (E, F)

One-way ANOVA (a = 0.05) with Tukey post hoc test (p value <0.05) was carried out comparing outcomes in GF, EF, and MPF mice.

Bacteria were not detectable in GF mice (Fig. 1B-D). The bacterial
load was similar (Fig. 1B) and bacterial phyla expression was not
different (Fig. 1C) in EF versus MPF mice. SFB was detected in
MPF mice, but not EF mice (Fig. 1D). Consistent with the presence
of SFB, which induces Ty17/IL17A immunity,”?” 28 [/77a mRNA
was greater than 50 times higher in the ileum of MPF versus EF
mice (Fig. 1E).

We evaluated alterations in body weight and tibia length to
determine commensal microbiota effects on somatic (body)
growth outcomes. Body weight measurements were per-
formed immediately prior to euthanasia. Tibia length mea-
surements were carried out on ex vivo microradiographs of
tibiae. Body weight was similar (Fig. 1F) and tibia length was
not different (Fig. 1G) in GF versus EF mice or EF versus MPF
mice. These data support the idea that commensal microbiota

does not alter somatic growth outcomes in 9-week-old female
C57BL6/T mice.

Commensal microbiota impacts craniofacial skeletal
morphology in 9-week-old female C57BL/6T mice

We performed craniometric measurements on reconstructed 3D
RCT images of skulls to evaluate commensal microbiota effects
on craniofacial skeletal growth and morphology (Figs. 2 and
S1). Skull length (Fig. 2A) is reported as a direct measurement.
Skull width (Fig. 2B), skull height (Fig. 2C), nasal bone length
(Fig. 2D), cranial vault bone lengths (Fig. 2E-H), and cranial base
bone lengths (Fig. 2/-L) are reported relative to skull length.
The direct skull length was increased in EF versus GF mice
(Fig. 2A), which demonstrates that commensal microbes
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Fig. 2. Commensal microbiota impact craniofacial skeletal morphology in 9-week-old female C57BL/6T mice. Female C57BL/6T GF mice (no microbes), EF
mice (commensal microbiota), and MPF mice (commensal microbiota with SFB) were euthanized at age 9 weeks; skulls were isolated for analyses (n = 5/
group). Craniometric measurements were performed using pCT 3D reconstructions of the skull and standard craniometric landmarks (Fig. S1): skull length
(A); skull width per skull length (B); skull height per skull length (C); nasal bone length per skull length (D); cranial vault length per skull length (E); inter-
parietal bone length per skull length (F); parietal bone length per skull length (G); frontal bone length per skull length (H); cranial base length per skull
length (/); basioccipital bone length per skull length (J); basisphenoid bone length per skull length (K); presphenoid bone length per skull length (L).
One-way ANOVA (a = 0.05) with Tukey post hoc test (p < 0.05) was carried out comparing outcomes in GF, EF, and MPF mice.

influence the skull length. The direct skull length was similar in
MPF versus EF mice (Fig. 2A), which implies that commensal
gut microbes do not contribute to skull length. Skull width per
skull length (Fig. 2B), skull height per skull length (Fig. 2C), and
nasal bone length per skull length (Fig. 2D) were not different
in EF versus GF mice or MPF versus EF mice. These data support
the idea that the commensal microbiota does not influence the
relative skull width, skull height, or nasal bone length in
9-week-old female C57BL/6T mice.

Cranial vault bone length analyses (Fig. 2E-H) demonstrated
that the cranial vault length per skull length was not different
in EF versus GF mice or MPF versus EF mice (Fig. 2E). The similar
relative cranial vault lengths found in EF versus GF mice and MPF
versus EF mice (Fig. 2E) were attributed to a lack of alterations in
interparietal (Fig. 2F) and parietal (Fig. 2G) bone lengths per skull
length. Interestingly, the frontal bone length per skull length was
increased in EF versus GF mice and reduced in MPF versus EF
mice (Fig. 2H). The increased relative frontal bone length
detected in EF versus GF mice (Fig. 2H) suggests that the

commensal microbiota affects cranial vault growth and mor-
phology. The reduced relative frontal bone length detected in
MPF versus EF mice (Fig. 2H) supports the idea that commensal
gut microbes play a role in commensal microbiota effects on cra-
nial vault growth and morphology.

Cranial base bone length analyses (Fig. 2/-L) showed the
cranial base length per skull length was decreased in EF versus
GF mice (Fig. 2/). The shortened relative cranial base length in
EF versus GF mice (Fig. 2/) was attributed to EF mice having
reduced basioccipital (Fig. 2J), basisphenoid (Fig. 2K), and pre-
sphenoid (Fig. 2L) bone lengths per skull length. Cranial base
craniometric findings in EF versus GF mice suggest that the
commensal microbiota influences cranial base growth and
morphology. Cranial base analyses comparing MPF versus EF
mice showed that MPF mice exhibited an increased cranial
base length per skull length (Fig. 2/). The elongated relative
cranial base length in MPF versus EF mice (Fig. 2/) was due to
MPF mice having an enhanced presphenoid bone length per
skull length (Fig. 2L). Cranial base craniometric study outcomes
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in MPF versus EF mice support the idea that commensal gut
microbes contribute to commensal microbiota effects on cra-
nial base growth and morphology.

Commensal microbiota does not affect cranial bone
mineral density in 9-week-old female C57BL/6T mice

We carried out BMD analyses in the reconstructed 3D pCT
images of skulls to elucidate commensal microbiota effects on
bone mass in the cranial vault and cranial base. Cranial vault ana-
lyses included the interparietal, parietal, and frontal bones
(Fig. S2A-D), and cranial base analyses included the basioccipital,
basisphenoid, and presphenoid bones (Fig. S2E-H). Cranial vault
BMD outcomes were not different in EF versus GF mice or MPF
versus EF mice (Fig. S2A-D). Furthermore, cranial base BMD out-
comes were similar in EF versus GF mice and MPF versus EF mice
(Fig. S2E-H). BMD study findings support the idea that the com-
mensal microbiota does not critically impact bone mass accrual
in the cranial vault or cranial base of 9-week-old female C57BL/
6T mice.

Discussion

This study comparing 9-week-old female C57BL/6T mice reared
under defined barrier conditions revealed that the commensal
microbiota plays a role in craniofacial skeletal growth and mor-
phology. Results comparing GF mice to EF mice showed that
the commensal microbiota can enlarge the gross skull length
and restrict the relative cranial base length. Results comparing
EF mice to MPF mice, which differ by SFB colonization status,
demonstrated that MPF mice exhibited an elongated relative
cranial base length. These findings support the idea that com-
mensal gut microbes contribute to craniofacial skeletal growth
and morphology.

Comparing GF mice to EF mice demonstrated that the com-
mensal microbiota attenuated the relative cranial base length
owing to decreased relative basioccipital, basisphenoid, and pre-
sphenoid bone lengths. Appreciating that cranial base bones
form through endochondral ossification, these findings are in
line with prior studies showing that the commensal microbiota
regulates endochondral bone formation processes at nonoral
skeletal sites.”'¥ Interestingly, EF versus GF mice exhibited an
increased relative length in the frontal bone. The frontal bone
forms through intramembranous ossification, suggesting that
commensal microbiota also influences intramembranous bone
formation processes.

While this initial report was centered on craniometry, future
studies should evaluate suture and synchondrosis involvement.
This is important because sutures and synchondroses contribute
to craniofacial skeletal growth and morphology. Moreover, stud-
ies are needed to further assess commensal microbiota effects
on the cranial base. The cranial base plays an extremely impor-
tant role in total skull morphology as the growth site for the skull
is located at the 155.1*® The cranial base develops earlier than the
face or cranial vault and has long been thought to provide pat-
terning and instructions for the final form of the overall skull./**!
Several studies have suggested that cranial base length can pre-
dict specific malocclusions in adult life.®® Additionally, alter-
ations in the cranial base angle have been shown to cause
skeletal malocclusions.>"

We investigated the 9-week-old time point because craniofa-
cial skeletal growth peaks around postnatal day 60 in female
C57BL/6T mice.”" Future investigations are needed to evaluate

earlier time points to define critical postnatal periods where
the commensal microbiota contributes to craniofacial skeletal
growth and morphology. We utilized pCT to discern commensal
microbiota effects on craniometric and BMD outcomes in the
postnatal craniofacial skeleton. Ongoing studies are necessary
that use histology to delineate cellular and molecular mecha-
nisms mediating commensal microbiota actions on growth and
morphology in the craniofacial skeletal complex.

Prior work by our group and others established that commen-
sal microbiota effects on noncraniofacial bone growth and mor-
phology were influenced by mouse strain genetic determinants.
Whereas the commensal microbiota impairs bone mass accrual
and microarchitecture in long bones of growing C57BL/6
mice,”” "% the commensal microbiota promotes bone formation
and longitudinal growth in long bones of growing BALB/c"' ' and
CB6F1 mice.l'” Study outcomes reported herein revealed that
the commensal microbiota promoted gross skull length and
restricted relative cranial base length in C57BL/6 mice. Future
research is necessary to determine whether commensal micro-
biota effects on craniofacial skeletal growth and morphology dif-
fer across murine strains.

GF mice were fed LabDiet 5010, and specific-pathogen-free
mice (EF, MPF mice) were fed NIH-31M diet. LabDiet 5010 and
NIH-31M are standard hard pellet rodent diets, but they have
minor differences in composition and may differ in hardness/
consistency. Knowing that administering a soft versus hard diet
can affect dentofacial growth outcomes,? >3 a potential study
design weakness is that GF and specific-pathogen-free mice
were not administered the same diet. However, all experimental
groups were fed a hard diet, so minor differences in diet consis-
tency are not expected to influence outcomes as dramatically as
if the groups were fed soft versus hard diets. Additionally, com-
paring EF versus MPF mice (both fed NIH-31M) demonstrated
alterations in craniofacial skeletal outcomes, which supports
the idea that commensal microbiota effects on craniofacial mor-
phology are independent of diet. However, it will be important
for future studies to utilize the same diet across GF and
specific-pathogen-free animal groups to eliminate diet as a
potentially confounding variable.

Investigations in GF animal models have demonstrated that
the commensal microbiota supports normal brain development
and behavior.”*>”) The growth of the brain, which is housed in
the skull, is a major determinant of craniofacial growth and
morphology.”®%? Therefore, commensal microbiota actions
supporting normal brain development could contribute to the
growth and morphology of the craniofacial skeleton through
an increase in cranial capacity. This highlights the need for future
research elucidating whether commensal microbiota regulation
of brain development plays a role in commensal microbiota
actions on craniofacial skeletal growth and morphology.

This investigation comparing MPF versus EF mice, which differ
by SFB colonization status, supports the idea that commensal
gut microbes play a role in the growth and morphology of the
craniofacial skeleton. SFB is a commensal gut bacterium that col-
onizes the ileum after weaning.'*>=2”! SFB colonization has broad
innate and adaptive immunostimulatory effects, including the
induction of Ty17/IL17A-mediated immunity.2” 28 63661 e
and others have shown that SFB contributes to commensal
microbiota actions on skeletal growth and maturation at noncra-
niofacial sites. SFB induction of Ty17/IL17A-mediated immunity
promoted bone-resorbing osteoclasts and impaired trabecular
bone morphology in the long bones of growing mice.l'* ' Fur-
ther, prior reports linked SFB induction of Ty17/IL17A immunity
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to commensal microbiota actions in neurodevelopmental abnor-
malities.”® 3 Therefore, commensal gut microbe contributions
to craniofacial skeletal growth and morphology could be medi-
ated through multifactorial effects on bone cell actions and brain
development.

While SFB has been shown to colonize humans and upregu-
late T,417 cell immune pathway genes,'*” =% Bifidobacterium ado-
lescentis is another commensal gut bacterium that has been
linked to the clinical induction of Ty17/IL17A-mediated immu-
nity.” Dietary modification”" 72 and probiotic administra-
tion”? 74 impact SFB colonization status, which implies that
noninvasive interventions in the commensal gut microbiota
could be employed to modify craniofacial skeletal growth and
morphology. While randomized controlled clinical trials have
shown that probiotics have protective effects on the aging skel-
eton and brain,”> 7® future investigations are needed to show
whether probiotics could be employed to direct craniofacial skel-
etal growth and morphology.

Our study comparing EF versus MPF mice, which differ by a
known commensal gut bacterium, supports the premise that
commensal gut microbes play a role in craniofacial develop-
ment. However, future research is necessary to further determine
how specific microbiota communities (i.e., oral, gut) contribute
to craniofacial skeletal morphology. Conventionalized animal
studies, in which GF animals are associated/colonized with oral
microbiota versus gut microbiota from specific-pathogen-free
mice, would delineate how different microbiota communities
contribute to craniofacial skeletal growth and maturation.
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